ABSTRACT: Determining the magnitude of quadriceps and hamstring muscle volume asymmetries in healthy individuals is a critical first step toward interpreting asymmetries as compensatory or abnormal in pathological populations. The purpose of this study was to determine the magnitude of whole and individual muscle volume asymmetries, quantified as right-left volume differences, for the quadriceps and hamstring muscles in a young and healthy population. Twenty-one healthy individuals participated: Eleven females age ¼ 22.6 AE 2.9 years and 10 males age ¼ 23.2 AE 3.4 years. Whole muscle group and individual muscle volume asymmetries were quantified within the context of absolute measurement error using a 95% Limits of Agreement approach. Mean muscle asymmetries ranged from À3.0 to 6.0% for all individual and whole muscle groups. Whole muscle group 95% limits of agreements represented AE11.4% and AE8.8% volume asymmetries for the hamstrings and quadriceps, respectively. Individual muscle asymmetry 95% limits of agreements ranged from $ AE 11-13% for the vastii muscles while the biceps femoris short-head (AE33.5%), long-head (AE20.9%), and the rectus femoris (AE21.4%) displayed the highest relative individual asymmetries. Individual muscle asymmetries exceeded absolute measurement error in 70% of all cases, with 26% of all cases exceeding 10% asymmetry. Although whole muscle group asymmetries appear to be near the 10% assumed clinical threshold of normality, the greater magnitude of individual muscle asymmetries highlights the subject-and muscle-specific variability in volume asymmetry. Future research is warranted to determine if volume asymmetry thresholds exist that discriminate between healthy and pathological populations. Statement of Clinical Significance: Muscle volume asymmetries displayed in healthy individuals provide a reference for interpreting asymmetries in pathological populations. ß
Restoration of thigh muscle symmetry is a common clinical goal for the treatment of knee joint pathologies, as bilateral asymmetry is associated with altered movement strategies and poor patient-reported outcomes related to knee joint function. [1] [2] [3] [4] [5] [6] Specifically, individuals with side-to-side quadriceps strength asymmetries >15% following anterior cruciate ligament (ACL) reconstruction effectively demonstrate a movement asymmetry by shifting the mechanical demands away from the surgical limb and towards the nonsurgical limb during landing. 5 Such individuals also display poorer single-leg hop performance on the surgical limb versus the healthy limb. 6 In addition, poor self-reported knee joint function, as assessed with the International Knee Documentation Committee subjective knee form, is also associated with quadriceps strength asymmetry. 1 One potential contributing factor of asymmetrical strength post-surgery is due to muscle size (volume and cross sectional area) asymmetry. Muscle size is commonly associated with muscle strength, [7] [8] [9] [10] and therefore often serves as a clinical surrogate to muscle strength. For example, individuals with osteoarthritis who reported frequent knee pain demonstrated significantly lower quadriceps cross sectional area and strength compared with non-painful contralateral knees. 11 However, while strength asymmetry of <10% appears to be "normal" in a healthy population, 12 there is no consensus regarding the expected magnitude of whole muscle volume asymmetry expected in healthy populations.
Although evidence suggests that restoring whole muscle strength and size following ACL reconstruction is important, individual muscle volume asymmetries within the whole muscle group also appears important. For example, individual hamstring muscle volume asymmetries persist long-term following strain injury 13 and/or semitendinosus graft harvest. 14 Individuals with 5-19 month old biceps femoris long head strains demonstrate persistent atrophy of the biceps femoris long head with compensatory hypertrophy of the biceps femoris short head, despite having completed a formal rehabilitation program and returning to sport for at least 1 month. 13 In individuals with harvested semitendinosus autografts, atrophy of the semitendinosus and concomitant hypertrophy of the biceps femoris long head and semimembranosus was present 2 years after ACL reconstruction.
14 A limitation of these aforementioned studies is that the conclusions of individual muscle volume compensations were determined retrospectively through comparison to the uninjured leg 13, 14 and/or a small set of healthy controls (n ¼ 5). 13 Using five healthy subjects as a comparison group, the biceps femoris long head side to side difference was 10 AE 7% (absolute mean difference) but ranged from À13% to þ18%, 13 suggesting that a high magnitude of asymmetry on an individual muscle basis in healthy individuals exists. However, to date there are no clearly defined muscle volume asymmetry indices that would be deemed representative of a healthy population. Thus, critical to ultimately interpreting muscle volume asymmetries as "pathological" or "abnormal," we aimed to provide an initial analysis to determine the magnitude of muscle volume asymmetries in healthy individuals.
The purpose of this study was to determine the magnitude of whole and individual muscle volume asymmetries, quantified as right-left differences, for the quadriceps and hamstring muscles in a young and healthy sample. We hypothesized that while whole muscle volume asymmetry would be <10%, individual muscle asymmetries >10% would be present in a healthy population. Ultimately, asymmetry ranges in muscle volumes are needed to be established in a large cohort of healthy individuals so that we can: (i) better define the existence of compensating volumetric muscle changes within a muscle group and (ii) determine whether whole muscle volume asymmetries versus neural deficits are contributing to strength asymmetries.
METHODS

Subjects
Eleven healthy females (age ¼ 22.6 AE 2.9 years, height ¼ 1.6 AE 0.07 m, mass ¼ 62.0 AE 8.9 kg), and 10 healthy males (age ¼ 23.2 AE 3.4 years, height ¼ 1.8 AE 0.08, mass ¼ 82.3 AE 12.0 kg) participated in this retrospective cohort study (Level III Evidence). All subjects were physically active at least 30 min per day and three times per week and regularly participated in running, cutting, decelerating, and pivoting activities as evaluated with the Marx Activity Rating Scale (females ¼ 7.2 AE 2.8; males ¼ 11.6 AE 3.1) with no specialization in sport reported. In addition, some subjects also had experience in traditional resistance training exercise. Healthy was operationally defined as having no current orthopedic injury or history of significant injury or surgery to either limb. Of the 21 total subjects, 18 identified themselves as left leg dominant while three (two males and one female) identified themselves as right leg dominant. Leg dominance was determined by asking subjects which is their preferred stance limb when kicking a ball for maximum distance. The University IRB approved this study and all subjects completed the informed consent process prior to participation.
Imaging, Segmentation, and Volume Estimation
Subjects laid supine for a minimum of 20 min prior to being scanned to ensure volume measurements were not influenced by fluid shifts. 15 Thigh muscle imaging of both limbs was performed with a 3T MRI system (Trio, Siemens, Erlangen, Germany) using body coils both anteriorly and posteriorly. Using an axial view, anatomical cross-sectional areas (CSA) for individual quadriceps and hamstring muscles were manually outlined by a single examiner (Fig. 1) in Osirix v5.7.1 (Osirix Foundation, Geneva Switzerland) in 2.25 cm intervals from the lateral knee joint line to the hip joint center. Additional CSAs were calculated at the most proximal and distal ends of each muscle. For each muscle, CSAs were then fitted with a cubic spline and plotted against femur length. Muscle volumes were calculated as the area under the curve using measured and splined data points. [16] [17] [18] This method of estimating muscle volume from serial axial MRI scans has been shown to be both valid and reliable 17, 19 and the single examiner's reliability and precision estimates were also excellent (see Appendix). To determine the absolute measurement error of the right-left volume difference scores, all individual muscles (biceps femoris long head, biceps femoris short head, semimembranosus, semitendinosus, vastus lateralis, vastus intermedius, vastus medialis, and rectus femoris) for the first 10 consecutive participants (seven males: Age ¼ 22.9 AE 3.2 yrs, height ¼ 1.8 AE 0.1 m, mass ¼ 84.9 AE 12.29 kg; three females: Age ¼ 24.7 AE 2.1 yrs, height ¼ 1.7 AE 0.1 m, mass ¼ 60.7 AE 11.6 kg) were segmented, volumes calculated, and right-left differences computed on two separate days approximately 1 week apart.
Statistical Approach
To determine the absolute measurement error associated with the measurement of muscle asymmetry, 95% Limits of Agreement (LOA) 20 were established by comparing the asymmetry scores (right-left side differences) computed from the first measurement day to the second measurement day (n ¼ 10). The 95% LOAs were constructed by creating confidence intervals (AE1.96 multiplied by the standard deviation (SD) of the right-left difference scores) around the mean day-to-day differences of the asymmetry measurements. 20 These 95% LOAs for the day-to-day differences of the asymmetry measurements represent, and will henceforth be referred to as, the absolute measurement error contained in determining muscle asymmetry. Absolute measurement errors were computed for both individual muscles as well as whole muscle groups (hamstrings and quadriceps). To determine the true magnitude of asymmetry between right and left muscle volumes, we computed the 95% LOA for the asymmetry measurement (mean rightleft differences; n ¼ 21) and compared it directly to the absolute measurement error. This approach allowed us to determine the magnitude of asymmetry that exceeded what would be expected simply due to absolute measurement error. 21 In addition to determining the true magnitude of asymmetries, this approach also allowed for the quantification of the frequencies of true asymmetries within the 21 subject sample. Because the first 10 of 21 subjects had muscle asymmetry measurements computed on two separate days, the asymmetry measurements from day 1 for the first 10 subjects were used along with the remaining 11 subjects' asymmetry measurements to determine the true magnitude and frequencies of asymmetry between right and left muscle volumes for the whole sample (n ¼ 21). To enhance the interpretation of our results, we also reported the right À left mean volume differences and 95% LOAs as percentages of each muscle's volume (right and left sides averaged). For our sample of 21 subjects (11 females and 10 males), we reported muscle volume asymmetries with males and females combined. Previous research on normative data reporting muscle size (posterior neck muscles 22 and abdominal muscles 23 ) in both males and females has shown that while females do have smaller muscles compared to males, there is no difference in right À left muscle sizes: There are no sex differences in muscle symmetry. Given these findings from previous studies were in different muscle groups and using a wide range of ages ($20-70 yrs old), we also conducted independent samples t-tests that verified the muscle volume right-left differences were not different between sex for any individual muscle or whole muscle group. Thus, combined with other studies also showing that muscle symmetries are not different between sex for other muscles, 22, 23 we believe it was justified with our approach to present the muscle symmetry data with sexes combined.
RESULTS
Absolute Measurement Error
The absolute measurement errors associated with the measurement of right-left muscle volume differences for all individual muscles, as well as whole muscle groups, are presented in Table 1 . Mean day-to-day differences for the muscle asymmetry measurement ranged from À3.3 to 9.9 cm 3 and the 95% LOAs ranged from AE4.8-32.7 cm 3 . It appeared that both mean differences and 95% LOAs were larger for the quadriceps muscles compared to the hamstrings. However, when expressing the day-to-day asymmetry differences as a percentage of each muscle's total volume (see Relative Right-Left Differences % from Table 1 ), the mean day to day differences were all less than 1.5 and 95% LOAs were all at or below 4.1%.
Muscle Asymmetry
Total right and left side muscle volumes (mean AE SD) and the mean muscle asymmetries (right-left mean differences) with 95% LOAs are presented in Table 2 . Overall, the muscle asymmetries were quite low with relative mean right-left differences ranging from 3.0% for the semitendinosus to 6.4% for the semimembranosus. The relative 95% LOAs ranged from 11.5% (rectus femoris) to 33.5% (biceps femoris short head). Bland Altman plots for all individual muscles are presented in Figures 2a-d and 3a-d which show the bilateral differences and 95% LOAs plotted with respect to absolute measurement errors. For all four individual hamstring muscles, 73.8% of the cases (62/84) showed asymmetries exceeding the absolute measurement error. For all four individual quadriceps muscles, 65.5% of the cases (55/84) displayed muscle volume asymmetries greater than what could be attributed to the absolute measurement error. Further, every subject (n ¼ 21) showed at least one hamstring muscle volume asymmetry greater than absolute measurement error. At least one individual quadriceps muscle asymmetry exceeding absolute measurement error was present in 20 of our 21 total subjects.
The hamstring and quadriceps muscle groups showed mean asymmetries of 21.0 cm 3 (2.8% relative right-left difference) and 38.0 cm 3 (1.9% relative right-left difference), respectively. The relative 95% LOAs were 11.4 and 8.8% for the hamstrings and quadriceps, respec- Mean AE LOA95% ¼ Mean differences and limits of agreement for day to day differences in muscle asymmetry (right-left difference) measurements; Absolute right-left differences units in centimeters cubed (cm 3 ); Relative right-left differences expressed relative to total muscle volume (%) to normalize the magnitude of agreement to muscle size. QUADRICEPS AND HAMSTRINGS VOLUME ASYMMETRY 965 tively. Bland Altman plots for the hamstrings and quadriceps whole muscle groups are presented in Figure 4a and b, respectively. For both right-left difference plots, 12/21 (57%) subjects displayed muscle volume asymmetries that were greater than the absolute measurement error. Seventeen of the 21 subjects showed at least one muscle-group volume asymmetry greater than absolute measurement error.
DISCUSSION
The primary results of this study demonstrate that the magnitude of asymmetries appears to be higher when considering the individual versus whole muscle group analyses. Additionally, nearly 70% of all individual muscle volume cases displayed muscle volume asymmetries that exceeded the magnitude of the associated absolute measurement error. Several clinical and research-oriented applications can be derived from the current study.
Muscle Asymmetries Compared to Literature and Clinical Benchmark of 10%
It is important to note that although asymmetries exceeded the absolute measurement error in the majority of our subjects, the average relative right-left differences were quite small (1-6%). Current evidence suggests that individuals with knee joint injuries, who have restored quadriceps muscle strength to within 10% of the uninvolved limb, perform functionally equivalent to uninjured healthy populations. Given the strong association between muscle strength and volume, [7] [8] [9] [10] our results show that the magnitudes of whole quadriceps muscle volume asymmetries in healthy individuals are $2% on average and 95% confidence limits reaching up to $9%. Thus, these results help to explain that normal physiologic asymmetry is well within the 10% benchmark that is often clinically assumed. As such, returning quadriceps muscle asymmetries/deficits to under 10% of the uninvolved limb seems a reasonable guideline to consider during rehabilitation for return to normal physiologic levels. Although the hamstring whole muscle volume asymmetries were on average $3% asymmetric, the 95% LOA asymmetry was 11.4%, which slightly exceeded the 10% clinical benchmark. Future studies should determine if restoring hamstring strength to within 10% results in similar functional status as healthy controls.
While relative mean differences for individual muscle asymmetries were very small ranging from À3.0 to 6.4%, individual relative 95% LOAs appear highly subject-specific in our healthy subject sample. In a healthy sample of five subjects, Silder et al. 13 reported biceps femoris long head asymmetries of 10 AE 7% (range: À13% to þ18%) and biceps femoris short head asymmetry asymmetries of 2 AE 3% (range: À6% to þ12%). In the current study of 21 healthy individuals, the biceps femoris long head and short head mean right-left differences were both $4%, but the 95% LOAs highlight that individually higher magnitudes of asymmetry, reaching as large as 20.9% (biceps femoris long head) to 33.5% (biceps femoris short head), are present in healthy individuals. In fact, 52% (11/21) of our subjects had asymmetries greater than 10% for the biceps femoris short head, and 48% (10/21) of our subjects had greater than 10% asymmetry for the biceps femoris long head, showing that approximately half of our sample had higher magnitudes of asymmetry than the clinical norm of 10%. In addition, the healthy subject asymmetries related to the biceps femoris short head specifically appear more variable with our 95% LOA analysis compared to the asymmetries reported by Silder et al. 13 Our 95% LOA analyses also suggest that the magnitude and frequency of asymmetry is muscle-specific. All three vastii muscles appear symmetrical with mean differences of 3% and with 95% LOA of $11-13%. However, the rectus femoris relative 95% LOA asymmetries were 21.4%. For the vastii muscles combined (63 QUADRICEPS AND HAMSTRINGS VOLUME ASYMMETRY 967 right-left cases total), only six cases of muscle asymmetries exceeded 10% compared to nine of 21 cases of muscle asymmetry exceeding 10% for the rectus femoris. In addition, the medial hamstrings asymmetries relative 95% LOAs were 13.7% (semitendinosus) and 15% (semimembranosus). As noted earlier, the biceps femoris short head and long head 95% LOAs were 33.5 and 20.9%, respectively. Thus, while only eight cases for the medial hamstrings showed muscle asymmetries greater than 10%, 21 cases for the lateral hamstrings exceeded the common clinical threshold asymmetry of 10% in our sample. Clearly, both the lateral hamstrings and rectus femoris showed higher frequencies of asymmetries exceeding 10% (the common clinical threshold of normality) compared to the medial hamstrings and vastii muscles respectively. Future studies are warranted to determine if individual muscle volume asymmetry thresholds exist that might be considered risk factors for initial or recurrent injuries. If individual muscle asymmetries are predictive of future injuries or re-injuries, this could ultimately support the use of imaging techniques to be included in return-to-play decisions because within muscle group asymmetries in volume may not necessarily translate into clinically detectable asymmetries in strength if the whole muscle volume remains unchanged.
Healthy Individual Muscle Asymmetries: A Preliminary Reference to Injured Populations
Our current data suggest that while we can expect asymmetries of under about 10% for the quadriceps and hamstring whole muscle groups, the much greater asymmetry observed on an individual muscle basis can help to serve as a preliminary reference for retrospective investigations that use the contralateral limb as the only control comparison. 14, 24 Following ACL reconstruction at 2 years and 9-11 years post-surgery, the previously harvested semitendinosus was 40 14 and 58.8% 24 smaller compared to the uninvolved limb, respectively. Compared to our current results, these relative sideto-side differences easily exceed what would be expected (13.7%) in our healthy individuals. Compensatory hypertrophy was also thought to occur in the biceps femoris long head and semimembranosus because these muscles were 8 14, 24 and 4% 14 larger on the operative limb compared to the non-operative limb. Given that our bilateral differences in healthy individuals can reach as high as 20.9% (biceps femoris long head) and 15.0% (semimembranosus), this suggests that the much smaller bilateral differences noted above 14, 24 may not be due to compensatory hypertrophy since they are within what would be expected in healthy individuals. In the absence of prospective longitudinal studies, which inherently have baseline/pre-operative and post-operative data to calculate changes in volume, 25 the current investigation provides preliminary information on healthy individual muscle asymmetries to help determine whether bilateral differences in muscle volume in pathological populations are the result of compensatory changes or are natural asymmetries expected in a healthy population.
Limitations and Directions for Future Research
While the current study is informative in terms of understanding the magnitude of muscle volume asymmetries in healthy individuals, it is inherently limited (as noted earlier) in that there are no empirically based thresholds that delineate when the magnitude of muscle asymmetries move from a natural anatomical asymmetry to a pathological asymmetry. Because it is uncertain as to what magnitudes of asymmetry could potentially be considered pathological, future research is warranted to better define pathological versus non-pathological magnitudes of muscle volume asymmetry. Our study is also limited in that we used 21 individuals to represent "normative" magnitudes of muscle asymmetry for the quadriceps and hamstrings muscles in a healthy and young population. When considering the variable nature of muscle asymmetry presented here, certainly a higher sample size may have helped to better substantiate the current results. However, this is still a marked improve- 
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KULAS ET AL. ment on previous imaging-based studies that have used 5-10 subjects to determine the magnitude of side to side volume differences in healthy individuals. 13, 26 In addition, our sample size is consistent with a comprehensive study reporting lower extremity muscle architectures (muscle asymmetry not evaluated), which used 21 human cadavers of elderly individuals aged 83AE 9 years old. 27 Nevertheless, future work in determining quadriceps and hamstring muscle asymmetries using a larger population of healthy individuals is warranted. Lastly, we were slightly limited by our imaging field of view. Because of the most proximal origin of the rectus femoris, we were unable to completely image the most proximal portion of this muscle in two participants. Given that this field of view was equal bilaterally, the limited field of view likely had very limited impact on our reported asymmetries.
CONCLUSIONS
In our sample of 21 healthy, young, and recreationally active individuals, quadriceps and hamstrings whole muscle group volume asymmetries appear quite symmetrical and with low 95% LOAs. However, individual muscle 95% LOAs reveal greater magnitudes of asymmetry ranging from 11.5-33.5% depending on the muscle. Future work is needed to determine thresholds defining pathological versus non-pathological muscle volume asymmetry.
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APPENDIX Intrarater Reliability and Precision for Muscle Volumes
Intrarater reliability and precision estimates reflect the ability of one examiner to reproduce muscle volumes on two separate occasions. For each muscle, one examiner performed manual segmentation along the muscle length and the volume was calculated via integration of the muscle cross-sectional area versus muscle length curves (see Imaging, Segmentation, and Volume Estimation in Methods). This segmentation and volume calculation procedure was repeated for all muscles on two separate occasions approximately one week apart for the first consecutive 10 subjects. The Intraclass Correlation Coefficients (ICC 2,1) for all individual muscles and whole muscle groups were all >0.99 and deemed excellent. The precision, standard error of the measurements (SEMs) for each muscle volume or muscle group volume ranged from 1.3-12.7 cm 3 which corresponded to 0.6-1.2% when normalized to muscle size (Fig. A1) . Overall, the reliability and precision for one examiner to estimate muscle volume for one muscle was deemed excellent.
Intrarater Reliability and Precision for Muscle Volume Asymmetries
Our primary dependent variables, right-left volume differences (muscle asymmetries), inherently reflect the segmentation and volume calculation reliability and precision for two muscles combined. Thus, right-left difference scores were compared after computation on two separate occasions. The ICC (2,1) and SEMs are presented in Table A1 . ICCs ranged from 0.89 to 0.99 with SEMs ranging from 1.69 to 12.12 corresponding to 0.54-1.45% once normalized to muscle size. Thus, the reliability and precision to estimate muscle volume right-left differences (muscle asymmetries) was excellent. 
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